The molecular and cellular effects of anti-vascular endothelial growth factor monoclonal antibody (bevacizumab) on lens epithelial cells (LECs) were examined using both an immortalized human lens epithelial cell line and a porcine capsular bag model. After treatment with various concentrations of bevacizumab, cell viability and proliferation patterns were evaluated using the water-soluble tetrazolium salt assay and 5-bromo-2′-deoxyuridine enzyme-linked immunosorbent assay, respectively. The scratch assay and Western blot analysis were employed to validate the cell migration pattern and altered expression levels of signaling molecules related to the epithelial-mesenchymal transition (EMT). Application of bevacizumab induced a range of altered cellular events in a concentration-dependent manner. A 0.1-2 mg/mL concentration demonstrated dose-dependent increase in proliferation and viability of LECs. However, 4 mg/mL decreased cell proliferation and viability. Cell migrations displayed dosedependent retardation from 0.1 mg/mL bevacizumab treatment. Transforming growth factor-β2 expression was markedly increased in a dose-dependent manner, and α-smooth muscle actin, matrix metalloproteinase-9, and vimentin expression levels showed dose-dependent changes in a B3 cell line. Microscopic observation of porcine capsular bag revealed changes in cellular morphology and a decline in cell density compared to the control after 2 mg/mL treatment. The central aspect of posterior capsule showed delayed confluence, and the factors related to EMT revealed similar expression patterns to those identified in the cell line. Based on these results, bevacizumab modulates the proliferation and viability of LECs and induces morphological alterations through the modulation of expression patterns of specific factors related to the EMT.
Introduction
The mammalian lens becomes an avascular tissue during the postnatal period after regression of fetal lens vasculatures, which drives oxygen deprivation in the postnatal lens tissues. 1 Lenticular cells invoke cytoprotective mechanisms including hypoxia-inducible factor and vascular endothelial growth factor (VEGF) signaling pathways. 2 Accordingly, VEGF expression increases vessel regression in lens epithelial cells (LECs) 3 when the balance between hypoxia and the compensatory mechanism is tilted to a more hypoxic status even though it is a nonvascular environment. In an in vitro condition, despite an abundant oxygen supply, an increase in the expressions of VEGF and its corresponding receptors was reported. 4 Addition of VEGF to cultivation media promotes LEC proliferation in both primary and immortalized human cell lines. 4 Based on these controversial results, we hypothesize that VEGF plays important roles in not only angiogenesis but
In addition, recent studies demonstrated the effects of topical and subconjunctival application of bevacizumab (Avastin; Genentech, South San Francisco, CA, USA), which modulates the wound healing response of the corneal epithelia. [7] [8] [9] Subconjunctival injection of bevacizumab, alkali-burn model, showed that bevacizumab modulated the expressions of transforming growth factor-beta (TGF-β) and α-smooth muscle actin (α-SMA). 9 Bevacizumab (MW: 149 kDa) 10 is able to penetrate and affect LECs, since the permeable cutoff of the naïve lens capsule is 166 kDa. 11, 12 Moreover, cataract extraction breaks the normal anteroposterior barrier function and induces direct contact between aqueous fluid and intravitreally injected substances to LECs by altered aqueous circulation. Combining both cataract extraction and intravitreal bevacizumab injection treatments could directly affect the physiology of LECs.
This study evaluated the possible effects of bevacizumab on proliferation, cell viability, and wound healing processes with Epithelial mesenchymal transition (EMT) signaling. We evaluated the effects of treatment with various concentrations of bevacizumab on LECs with a human immortalized cell line as well as a porcine in vitro capsular bag model.
Materials and methods
hle-B3 cell line and cultivation B3 cells, a human lens epithelial cell line immortalized by the SV-40 virus, were purchased from American Type Culture Collection (Manassas, VA, USA). No ethical approval was sought or required for experiments involving commercially purchased cell lines, as per guidelines of the Keimyung University human subjects protection program/ethical review board. Cells were maintained in minimal essential medium (MEM; Welgene, Daegu, Korea) supplemented with 10% (v/v) fetal bovine serum (FBS; Thermo Fisher Scientific, Waltham, MA, USA) and 1% (v/v) penicillin/streptomycin (Thermo Fisher Scientific) in a humidified 37°C, 5% CO 2 incubator.
WsT-8 cell viability assay after treatment with bevacizumab
In previous studies, 10, 13, 14 the pharmacokinetics and distribution of bevacizumab after intravitreal injection of 1.25 mg/0.05 mL in both animal and human models showed maximum concentrations at 1-3 days with half-lives of 4-6.5 days in animals. We evaluated the cell viability 72 hours after treatment with 0.1 mg/mL, 0.5 mg/mL, 1 mg/mL, 2 mg/mL, or 4 mg/mL bevacizumab and phosphate-buffered saline (PBS) as a control. We detected dehydrogenase activity in cell culture medium with cell counting kit-8 (Dojindo Molecular Technologies, Rockville, MD, USA). B3 cells were plated in a 48-well culture plate in a 10% serum supplemented medium. After culturing for 24 hours, the medium was replaced by a serum-free medium, and B3 cells were subjected to an initial 24-hour starvation period. Cells were cultured for a subsequent 72 hours in media containing 0.1 mg/mL, 0.5 mg/mL, 1 mg/mL, 2 mg/mL, or 4 mg/mL bevacizumab supplemented with 10% FBS. At 72 hours, the medium was refreshed, and 10% (v/v) WST-8 was added. After 4 hours incubation, the yellow formazan dye was colorimetrically detected with an enzyme-linked immunosorbent assay (ELISA) reader (Multiskan™ GO Microplate Spectrophotometer; Thermo Fisher Scientific). Optical density values were converted to relative cell viability compared to control groups. Each experiment was performed at least ten times.
5-bromo-2′-deoxyuridine proliferation assay after treatment with bevacizumab B3 cells were seeded in 48-well plates and cultivated for 24 hours to 50%-60% confluence in MEM supplemented with 10% FBS. On reaching the desired level of confluence, cultivation medium was replaced with serum-free MEM, and cells were incubated for 24 hours. After 24 hours, the medium was changed to MEM containing 0.1 mg/mL, 0.5 mg/mL, 1 mg/mL, 2 mg/mL, or 4 mg/mL bevacizumab supplemented with 10% FBS. Control cells were incubated with growth medium containing PBS. After 72 hours, 5-bromo-2′-deoxyuridine (BrdU; Hoffman-La Roche Ltd, Basel, Switzerland) was added to the medium and reincubated for 1.5-2 hours. Cells were washed with PBS three times and denatured. Incorporated BrdU in LECs was detected by anti-BrdU-peroxidase conjugated antibody, and photometric detections were performed using BrdU ELISA kit (Hoffman-La Roche Ltd) and ELISA reader. Each experiment was performed at least ten times. 
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The effects of bevacizumab on lens epithelial cells wells were created by 200-µL micropipette tip. The medium was replaced with serum-free medium containing 0.1 mg/mL, 0.5 mg/mL, 1 mg/mL, or 2 mg/mL bevacizumab and PBS as a control treatment. After 72-hour incubation, images were taken with a phase contrast microscope (Leica DM IL LED; Leica Microsystems, Wetzlar, Germany). The number of migratory cells from the scratch wound margin to the cell free surface was counted using Image J (NIH, Bethesda, MD, USA). Each experiment was repeated three times.
Porcine lens capsular bag preparation
Porcine eyeballs were obtained from a local abattoir within 4 hours postmortem. The whole lenses were separated. Low-melting point (LMP) agarose gel powder (0.2 g, agarose, LMP, analytical grade, V2111; Promega Corporation, Fitchburg, WI, USA) was dissolved and then boiled and cooled to 37°C. The lenses were positioned on the embedding molds (Peel-A-Way ® ; Ted Pella Inc., Redding, CA, USA), and gel solution was poured. Lenses were cultured in the medium, and sham cataract surgery was performed as previously described. 15 Capsular bags were cultured in Dulbecco's Modified Eagle's Medium (DMEM; Thermo Fisher Scientific) supplemented with 20% FBS and 1% penicillin/ streptomycin in a humidified, 37°C, 5% CO 2 incubator. After 12 hours, the medium was replenished with 10% FBS/ DMEM. The medium was changed every 48 hours.
Western blot analysis on both cell and capsular bag cultivations
Lysates of specimens were denatured in sodium dodecyl sulfate sample loading buffer. Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane. Membranes were blocked for 1 hour before incubation with anti-TGF-β2 (SC-90; Santa Cruz Biotechnology Inc., Dallas, TX, USA), α-SMA (ab15734; Abcam, Cambridge, UK), vimentin (LF-MA0263; AbFrontier, Seoul, South Korea), proliferating cell nuclear antigen (PCNA, IHC-00012; Bethyl Laboratories Inc., Montgomery, TX, USA), matrix metalloproteinase-9 (MMP-9, SC-6841; Santa Cruz Biotechnology Inc.), or glyceraldehyde-3-phosphate dehydrogenase (SC-20357; Santa Cruz Biotechnology Inc.) primary antibody. The immunoblot was detected by enhanced chemiluminescence using an image analyzer (Fusion FX; Vilber Lourmet, France).
statistical analysis
To compare the effects of various concentrations of bevacizumab treatment, a one-way analysis of variance test was performed, and Tukey's honest significant difference (HSD) post hoc test was employed for comparisons between concentration groups using SPSS 12.0 (SPSS Inc., Chicago, IL, USA).
Results
Cell viability assay for evaluation of bevacizumab treatment on hle-B3
Groups treated with 1 mg/mL or 2 mg/mL showed greater cell viability than control groups (P=0.039 and P=0.009, respectively, Tukey's HSD test). Cell viability in this range of bevacizumab concentrations was determined to gradually increase in a dose-dependent manner with statistically significant correlation (r=0.609, P,0.000). However, 4 mg/mL treatment group displayed obvious cytotoxic effects on LECs compared with the lower concentration treatment groups (P=0.04, P=0.007, and P=0.001, respectively, Tukey's HSD test; Figure 1A ).
BrdU elisa for evaluation of bevacizumab effects on cell proliferation
The 4 mg/mL treatment showed a distinct decrease in proliferation levels compared with the lower concentration treatments including 0.5 mg/mL, 1 mg/mL, and 2 mg/mL (P=0.006, P=0.004, and P=0.002, respectively, Tukey's HSD test). These lower concentration groups exhibited increased proliferation properties in a dose-dependent manner with statistically significant correlation (r=0.603, P=0.001). Moreover, treatment with lower concentrations resulted in higher proliferation than the control group (P=0.047, P=0.029, and P=0.018, respectively, Tukey's HSD; Figure 1B ). Cell density of B3 cells after treatment with various concentrations of bevacizumab showed a similar pattern ( Figure 1C ).
altered motility pattern of leC after bevacizumab treatment
To evaluate the effects of bevacizumab on LEC motility, we evaluated the LEC migration from the edge of a linear scratch wound after treatment with various concentrations. At 72-hour incubation after administration of bevacizumab (0.1 mg/mL, 0.5 mg/mL, 1 mg/mL, or 2 mg/mL), LEC migrations were reduced in a dose-dependent manner (P=0.031, P=0.004, P=0.001, and P=0.000, respectively, Tukey's HSD). Most notably, the 2 mg/mL treatment group showed a significant reduction of cell migration when compared with the 0.1 mg/mL treatment group ( Figure 1D and E). 
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Jun et al progression. For each capsular bag specimen, cultivation medium was changed to 5% FBS/DMEM containing 0 mg/mL, 1 mg/mL, or 2 mg/mL bevacizumab, and confluence patterns of LECs were observed under the anterior capsulorrhexis margin. For 48 hours, microscopic images were captured at 12-hour intervals, and the LEC confluences were analyzed in Image J. The coverage of the posterior capsule was decreased at 2 mg/mL after 12 hours (P,0.05). Controls showed significantly earlier cell coverage than the 1 mg/mL and 2 mg/mL treatment groups after 36 hours (P,0.01, Tukey's HSD Figure 1 effects of bevacizumab on proliferation and migration of leCs. Notes: (A) Cell viability assay using the cell counting kit-8 after treatment with various bevacizumab concentrations. in leCs, treatment with 4 mg/ml bevacizumab showed a significant decrease in cell viability compared with control, 0.1 mg/mL, 0.5 mg/mL, 1 mg/mL, and 2 mg/mL bevacizumab treatment after 72-hour incubation. Up to 2 mg/mL bevacizumab, cell viability increased in a dose-dependent manner. (B) BrdU enzyme-linked immunosorbent proliferation assay after treatment with various bevacizumab concentrations. as in the cell viability assay, cell proliferation increased with bevacizumab dose up to 2 mg/ml concentration but declined abruptly at 4 mg/ml concentration. (C) Microscopic images after application of various bevacizumab concentrations. In human lens epithelial B3 cells, treatment with 4 mg/mL bevacizumab showed a significant decline in cell density compared with control, 0.1 mg/ml, 0.5 mg/ml, 1 mg/ml, and 2 mg/ml bevacizumab treatment after 72-hour incubation. The densities of viable attached cells increased in a dose-dependent manner, but 4 mg/ml bevacizumab treatment resulted in an abrupt decrement in cell density. interestingly, treatment with 1 mg/ml or 2 mg/ml bevacizumab showed a significant number of detached nonviable cells in the culture medium, but the attached cell density was higher than for cells treated with lower concentrations (0 mg/mL, 0.1 mg/mL, and 0.5 mg/mL). These results agreed with the BrdU proliferation and cell viability assays. Arrowheads indicate shrunken cells (magnification, 40×). (D and E) scratch assay for cell migration after treatment with various bevacizumab concentrations and 72-hour treatment under cell starvation conditions. Microscopic images show that leC migrations from the scratch edges decreased in a dose-dependent manner. Migration of LECs statistically significantly decreased at the lowest dose of bevacizumab (0.1 mg/mL; P,0.05, Tukey's hsD post hoc test, by oneway-anOVa). The inhibitory effect on migration was apparent over 0.5 mg/ml bevacizumab compared with control (P,0.01, Tukey's HSD post hoc test, by oneway-ANOVA). Magnification, ×40. results are in response to a one way analysis of variance (anOVa). *P,0.05, **P,0.01. Abbreviations: LECs, lens epithelial cells; BrdU, 5-bromo-2′-deoxyuridine; HSD, honest significant difference; ANOVA, analysis of variance.
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The effects of bevacizumab on lens epithelial cells post hoc test) and 48 hours (P,0.05 and P,0.01 in 1 mg/mL and 2 mg/mL, respectively, Tukey's HSD post hoc test; Figure 2 ).
Cell morphology and proliferation of leCs on the anterior capsule
Phase-contrast microscopy of the capsular bags revealed decrease in proliferation in the anterior capsule after 120 hours. In addition, when LECs achieved confluence on the anterior capsule, the cellular density of anterior capsular LECs in lower magnification indicated bleb formation ( Figure 3A) . Under higher resolution, it became apparent that the morphology of LECs was altered to an elongated shape, similar to that observed in TGF-β-related cellular changes reported in a previous study. 16 
Western blot analysis of hle-B3 cells and the capsular bag model
To evaluate the effects of bevacizumab on proliferation and EMT, Western blot analysis using EMT markers (α-SMA, MMP-9, and vimentin), a proliferation marker (PCNA), and TGF-β2 was performed in both B3 cells and porcine lens capsular bags. Bevacizumab treatment induced a marked increase in TGF-β2 expression in a dose-dependent manner. Vimentin expression levels also increased with dose, but MMP-9 expression levels decreased with bevacizumab treatment over 1 mg/mL. Expression levels of PCNA and α-SMA were highest after treatment with 0.5 mg/mL bevacizumab in HLE-B3 cells ( Figure 3B ). In addition, PCNA and α-SMA revealed similar expression patterns in cultured cells, but the highest expression levels were observed at 1 mg/mL bevacizumab in the capsular bag model ( Figure 3C ).
Discussion
Bevacizumab is a recombinant humanized monoclonal immunoglobulin G1 (IgG1) antibody that binds and inhibits VEGF-A. It was initially approved for the treatment of colorectal cancer, 17 but in recent years, bevacizumab has become a mainstay treatment for vitreoretinal neovascular diseases. Because of their emerging novel application in ophthalmic departments, recent studies evaluated the effects of anti-VEGF antibodies, bevacizumab and ranibizumab, on pathological vascularized conditions caused by formation of new vessels from preexisting vessels in ocular tissues, especially corneal new vessel formation, pterygial tissues of the conjunctiva [18] [19] [20] [21] [22] and retina, and retinopathy of prematurity. 23 Interestingly, recent evidence revealed that VEGF-A is involved in lymphangiogenesis, suggesting that anti-VEGF antibodies could also inhibit lymphangiogenesis. [24] [25] [26] Previously, cytotoxicity of bevacizumab on various intraocular tissues was reported. Chalam et al 27 demonstrated a lack of cytotoxicity from various doses of bevacizumab on corneal epithelial and fibroblast cells. More recently, 1.5 mg/mL and 2 mg/mL doses of bevacizumab exhibited an antiproliferative effect on bovine corneal endothelial cells. 28 In other reports, cytotoxicity on retinal cells in vivo and in vitro [28] [29] [30] was also evaluated. In these studies, ,2 mg/mL exhibited no cytotoxic effect. However, the lens could directly contact bevacizumab after intravitreal injection, and there are no data on the effects. In this study, we assessed non-antiangiogenic effects arising from Notes: After treatment with various doses of bevacizumab, coverage of the posterior capsule decreased in the first 12 hours at 2 mg/mL bevacizumab (P,0.05, by one way-anOVa). in addition, with an increase of incubation time, the control group showed a greater difference in cell coverage than both 1 mg/ml and 2 mg/ml groups at 36 hours (P,0.01, Tukey's hsD post hoc test, by oneway-anOVa) and 48 hours (P,0.05 and P,0.01 in 1 mg/ml and 2 mg/ml, respectively, Tukey's hsD post hoc test, by oneway-anOVa). Data are displayed as mean ± SD. Magnification, ×40. results are in response to a one way analysis of variance (anOVa). *P,0.05, **P,0.01. Abbreviations: HSD, honest significant difference; h, hours; ANOVA, analysis of variance.
treatment with various concentrations of bevacizumab. A previous animal study reported a relatively high concentration, .0.5 mg/mL, 24 hours after injection. 10 However, in an in vivo animal study, the maximum concentration of bevacizumab was measured as ,1 mg/mL. These results could differ from humans, and the status of vitreal liquefaction or vitreous humor circulation could result in localized concentrations .1 mg/mL. In addition, the conventional dosage is 1.25 mg/0.05 mL (25 mg/mL), and the concentration could be high during the 24 hours after injection Notes: (A) Microscopic morphology of anterior capsular leCs for control and 2 mg/ml bevacizumab treatment in lens capsular bag after 120 hours cultivation. Capsular bag leCs showed decreased cell density (asterisks) and bleb-like morphological changes after cultivation in 2 mg/ml bevacizumab (arrowheads). (B and C) Western blot analysis after treatment with various bevacizumab concentrations in cultured cell and porcine lens capsular bags. TgF-β2 is markedly increased in a dose-dependent manner in both systems. Western blot analysis of cultured cells revealed increase-peak-decrease patterns in PCna and α-sMa expression around 0.5 mg/ml concentration. The expression pattern of PCna is in agreement with results from the cell viability assay by cell counting kit-8 and the BrdU proliferation assay. Overall, MMP-9 showed a decrease in expression over 1 mg/ml treatment, whereas vimentin expression increased in a dose-dependent manner. similarly, PCna and α-sMa expression levels peaked at 1 mg/ml bevacizumab in the porcine lens capsular bag model. Abbreviations: LECs, lens epithelial cells; TGF-β2, transforming growth factor-β2; PCNA, proliferating cell nuclear antigen; α-sMa, α-smooth muscle actin; BrdU, 5-bromo-2′-deoxyuridine; MMP-9, matrix metalloproteinase-9; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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The effects of bevacizumab on lens epithelial cells because the vitreal cavity is filled with fine gelatinous fibers instead of fluid.
In our experiments, we evaluated the effects of bevacizumab on cell viability, proliferation, migration, and EMT of LECs in both an in vitro immortalized human cell line and porcine lens capsular bags. Cell viability assays showed that 1 mg/mL and 2 mg/mL doses resulted in higher LEC viabilities. In addition, cell viability was increased with higher dosages. In fact, statistical correlation analysis identified relatively high correlation. Observation of cells during LEC cultivation showed a similar pattern in cell density after bevacizumab treatment ( Figure 1C-I) . However, higher doses (1 mg/mL, 2 mg/mL, and 4 mg/mL) resulted in detached cells in culture media, and the proportion of detached cells increased with dosage (data not shown). Based on these results, we hypothesize that bevacizumab treatment promotes the proliferation of LECs and, under 2 mg/mL treatment, the degree of proliferation exceeds cell death. However, treatment with 4 mg/mL resulted in decreased cell viability of B3 cells after 72-hour incubation.
On the other hand, LEC migration as measured by the cell scratch assay showed contrary patterns to cell viability and proliferation assay. In previous reports on the corneal wound healing process after treatment, higher concentrations of bevacizumab were found to impede corneal wound healing as shown by an in vivo corneal wound healing and an in vitro wound healing assay. 7 In this study, we examined a similar decreased migration pattern of LECs as shown in the previous report. 7 LECs showed a more obvious decrease in migration pattern with treatment (0.5-2 mg/mL) than corneal epithelia. Although there is no clinical report that intravitreal bevacizumab treatment altered PCO progression, we hypothesize that bevacizumab affects the migration and modulation of PCO processes in LECs, which is relevant to the conventional dosage of intravitreal injection since intravitreal concentrations reached 0.5 mg/mL in 72 hours in an in vivo model.
Western blot analysis showed that TGF-β2 was markedly elevated in a dose-dependent manner. Especially in LECs, TGF-β2 is involved in the EMT process after cataract extraction. As shown in the previous report of the corneal wound healing model, 7 expression of TGF-β2 increased two-to threefold over controls. Recently, several studies reported the effects of the Fc receptor in bevacizumab. 31, 32 In these previous studies, it was shown to induce a significant elevation in the cytokine milieu, including interleukin-8 and TGF-β2. Furthermore, Chen et al 31 evaluated the same concentrations of the isotype control IgG1, and bevacizumab showed similar elevations of connective tissue growth factor expression, and Nakao et al 33 confirmed localizations of TGF-β in vascular endothelial cells of fibrovascular membrane after treatment with bevacizumab. Fc-Fc interactions of bevacizumab or unknown pathway possibly alter the expression of TGF-β2 and other related EMT factors. Expression of PCNA was also decreased in 1 mg/mL and 2 mg/mL bevacizumab doses in a dose-dependent manner ( Figure 3B and C) . This result is in accordance with the standardized result of proliferation, which peaked at 0.5 mg/mL doses and abruptly decreased with doses .1 mg/mL. However, α-SMA expression was lower in capsular bags treated with 2 mg/mL bevacizumab than in the control. This result is different from that of the corneal wound healing model. [7] [8] [9] We suggest that this should be considered a consequence of decreased LEC proliferation.
In addition, LEC morphology of 2 mg/mL treated samples was altered and differed from the control in an in vitro capsular bag ( Figure 3A ). The cellular density was less than control, and microscopic images showed cell surface blebs and moderate elongations ( Figure 3A) . As was shown in previous studies, TGF-β2 decreases LEC proliferation, and the alteration of cell density observed in our study may result from increased expression of TGF-β2. 16 Therefore, this morphological alteration may result from the altered expression of VEGF. In addition, as was examined in a previous study, this morphological alteration of LECs by bevacizumab is similar to that of TGF-β treatment. 16 
Conclusion
Our study demonstrates that bevacizumab changes the proliferation, viability, and migration of LECs at concentrations ,2 mg/mL. In addition, these treatments altered the expression of important factors related to EMT of LECs including dose-dependent elevation of TGF-β2 and dose-specific alteration of α-SMA and MMP-9 expression. Furthermore, in an in vitro capsular bag model, treatment with 2 mg/mL bevacizumab showed decreased cell density and morphological changes (bleb formations and LEC elongation).
